Cervical cancer is a complex disease that, by its association with human papillomavirus (HPV), has elicited research in a broad range of areas pertaining to its basic diagnostic and clinical aspects. The complexity of this association lies not only in the fundamental relationship between virus and cancer but also in its translation to pathologic diagnosis and clinical management. Offshoots from the relationship of virus to pathology include studies targeting the link between papillomavirus infection and cervical epithelial abnormalities, the molecular epidemiology of papillomavirus infection, and the potential use of HPV testing as either a screening technique or a tool for managing women who have Pap smear abnormalities. A second variable that is critical to the pathogenesis of cervical neoplasia is the cervical transformation zone. The wide range of invasive and noninvasive lesion phenotypes associated with HPV infection in this region indicate that not only the virus but also specific host target epithelial cells in the transformation zone play an important part in the development of cervical neoplasia. Further understanding of this relationship between the virus and the host epithelium will hinge on determining the subtypes of epithelial cells in the transformation zone and their phenotypic response to infection. New technologies, such as expression arrays, promise to clarify, if not resolve, the complexity of molecular interactions leading to the multiplicity of tumor phenotypes associated with HPV infection of the uterine cervix.
Throughout the past 20 years, the perception of cervical carcinoma has shifted from that of a mysterious, sexually transmitted disease to one intimately related to human papillomaviruses (HPVs). This evolution in understanding has been driven by a powerful association between virus and disease and by a wealth of molecular data supporting mechanisms of papillomavirus-mediated tumorigenesis (1) . However, despite the extremely high rate of infection by these viruses, the rate of cervical cancer, even in the prescreening era, has been less than one tenth that of exposure. This underscores the potential importance of other factors in the pathogenesis of cervical carcinoma that come into play either before or after HPV infection.
This article addresses these issues from the perspective of their relationship to the tissue pathologic changes that both influence and result from cervical HPV infection. A series of concepts are addressed in this process, including their application (translation) to pathologic diagnosis or interpretation.
HUMAN PAPILLOMAVIRUSES ALTER THE MORPHOLOGIC PHENOTYPES OF SQUAMOUS (AND GLANDULAR) CELLS
HPVs are double-stranded DNA viruses approximately 8 kb in length (1) . They are transmitted sexually, but the manner by which these viruses are transmitted is unclear, inasmuch as the male sexual partner may or may not harbor visible lesions (2) . Nevertheless, sufficient virus is transmitted to produce infection, and the incubation period after sexual contact is in the order of a few months to more than 1 year, based on follow-up studies of HPV-positive women and incubation periods for tissues infected in vitro (3) . When the virus is transmitted, it enters the epithelial cells via the basal layer and produces two general categories of epithelial change that are relevant to diagnostic classification. The first is viral cytopathic effect in the maturing, terminally differentiated cells, which includes koilocytotic atypia. This results from execution of the normal viral life cycle, which is encouraged by epithelial maturation (4) . It is important to note that this process occurs in terminally differentiating cells that are incapable of dividing (Fig. 1) . The second is an abnormality in the growth characteristics and differentiation of the epithelium that has its origins in a fundamental change in the replicating (basal/parabasal) cells. This phenomenon produces morphologic disturbances in all cell layers (Fig. 2) (5) . The cellular alterations are mediated via HPV early (E6-E7) gene expression, leading to disruption of normal cell cycle processes and involving disruption of the functions of the p53, Rb, and other cell cycle genes. These latter events have been best documented in cancer-associated papillomaviruses (1) .
Translation: Papillomavirus infections produce cytologic atypia as a function of these molecular alterations, associated with increased cellular DNA and proliferative activity. The latter extends to cells in the intermediate and superficial layers, presumably because of viral gene expression in these areas (6, 7) . The degree and distribution of the cellular atypia, combined with the distribution of cells showing proliferative activity, usually will distinguish HPV-infected epithelium from normal or reactive changes. Another parameter, cyclin E expression, may by its presence distinguish many HPVinfected epithelia from benign reactive changes in the cervix (8) .
CANCER-ASSOCIATED (HIGH-RISK) PAPILLOMAVIRUSES PRODUCE BIOLOGIC ALTERATIONS THAT ARE MORE LIKELY TO PROGRESS TO INVASIVE CARCINOMA
High-risk HPVs, via the direct effects of viral oncogenes on the stem (immortal) or replicating cell population, initiate a progressive series of molecular events that disrupt normal cell cycle function, alterations that may increase susceptibility of the cell to DNA damage and progressive chromosomal derangements, including 3p, and others (1, 9) . These progressive alterations frequently are accompanied by integration of the virus into the host genome and genomic amplifications at 3q (10, 11) . Viral integration guarantees perpetual expression of the viral oncogenes. These molecular changes are most consistently produced by the prototypic high- (12) . The biologic events associated with high-risk HPV infection are diagrammed in Figure 3 .
Translation: Approximately 90% of squamous precursor lesions that are produced by HPV type 16 exhibit the morphologic features of CIN II-III, and more than 50% of invasive squamous cell carcinomas contain HPV type 16. Nearly 100% of invasive cancers contain HPV (5, 13).
SOME "CANCER-ASSOCIATED" HPV TYPES HAVE A LOWER RISK FOR CANCER ASSOCIATION COMPARED WITH PRECURSOR DISEASE
There is a wide range of associations between HPV and neoplasia. Certain HPV types, including those in the intermediate risk group, have a limited association with cancer. Others, such as type 18, which is highly oncogenic based on studies in vitro, may be observed in both low-and high-grade precursor lesions (14 -17) . Exactly why this occurs is not clear. One theory is that subtle variations in HPV sequence makeup produce variability in the biologic effects of a given virus type and thus the phenotype. This has been proposed for not only HPV 18 but also for others, such as type 16 (18, 19) . However, there is a lack of corroborating studies that show that a particular sequence variant is more or less responsible for cancer or neoplasia. Central to this problem is that oncogenicity is often inferred from relative associations of a viral subtype with different lesions (19) , and such conclusions must be verified by other investigators to exclude laboratory error or geographic bias. At present, the biologic significance of sequence variants within the same HPV type remains unclear, and it is assumed that host or environmental factors play an important role.
HPV types 31, 33, and 35 may be associated with precursor lesions at the lower end of the neoplastic spectrum (CIN I) (12) . Some of these same types, including types 31, 33, and 35, have been associated with "less aggressive" (relative to type 16) invasive carcinomas (see below). HPV 18 has been implicated in "more aggressive" tumors, including small cell undifferentiated carcinomas and adenocarcinomas (14, 20) . In a recent study, significant differences in mortality were observed in women whose cancers were HPV 16/18 associated versus HPVs 31, 33, 35, and so forth (21) . Such studies imply that although several HPV types are associated with carcinomas, the risks for progression through the precursor stage to invasion and the subsequent metastatic potential of tumors are, in part, virus dependent.
Translation: This has important implications for the interpretation of HPV DNA assays, particularly in the presence of low-grade cytologic abnormalities. Because a high percentage of low-grade squamous intraepithelial lesions (LSILs) are associated with intermediate-or high-risk HPV types, the value of HPV testing in the management of LSIL remains unresolved.
THE CELLULAR ENVIRONMENT (TRANSFORMATION ZONE) INFLUENCES THE MORPHOLOGIC PHENOTYPE(S) ASSOCIATED WITH HPV INFECTION
The cervix displays a dynamic of epithelial cell growth and differentiation, including the ingrowth of portio epithelium, the conversion of columnar epithelium to squamous epithelium via proliferation of reserve cells (squamous metaplasia), and endocervical cell proliferation and differentiation (22) . Typically, the more cephalad (endocervical) areas display progressively less squamous differentiation (23) . Although traditional teaching emphasizes ingrowth or subcolumnar proliferation of squamous epithelial cells in the development of the transformation zone, a third mechanism, the existence of multipotential stem cells in the region of the squamocolumnar junction, may explain the emergence of multiple phenotypes-both benign and neoplastic-in this region.
There are no specific markers for stem cells in the cervix, but certain proteins are expressed preferentially in basal cells, which include stem cells. Certain keratins, beta integrins (24, 25) , and CD8 (26) (27) (28) (29) . The one and intriguing exception is in the transformation zone, where p63 highlights basal (stem?) cells underlying both columnar and squamous epithelium. P63 immunostaining, when combined with mucin stains, confirms the presence of both squamous and columnar differentiation pathways, often in the same locale (Fig. 4) (29) . The impression from these observations is that basal cells that are contiguous with the exocervix are capable of these divergent pathways and, when infected by HPVs, may differentiate into multiple phenotypes. In this scenario, neoplastic cell differentiation would be dependent on the differentiation capabilities of the cells infected.
Translation: In practice, the morphology of cervical lesions is governed by not only HPV type but also the target cell, and these factors in turn have an important impact on classification and interpretation. For example, infections with the same HPV type may vary considerably in their appearance, often appearing less well differentiated (i.e., progress in grade) if they extend into or develop within the endocervical canal (30) . HPV types 6 and 11 are associated with typical exophytic condylomata (LSIL) of the cervix. However, a subset of lesions produced by these HPV types display a sharp reduction in maturation and manifest as immature papillary lesions lined by a mildly atypical immature metaplastic epithelium. For such lesions, the terms papillary immature metaplasia (PIM), papilloma, and immature condyloma all describe an immature form of LSIL (31, 32) (Fig. 5A) . The distinction between this lesion and conventional exophytic condyloma seems to be simply the type of epithelium infected. Similar lesions are produced in urethral or nasal (inverted papillomas) epithelium and are linked to similar HPVs (33) . It is likely that the phenotype of high-risk HPV infection is also dependent on the differentiation and maturation characteristics of the infected epithelium. High-grade SILs (HSILs) with a metaplastic growth pattern have been described and are possibly analogous to immature condylomas (Fig. 5B) , arising in immature transformation zone epithelium (34, 35) .
More intriguing are lesions that demonstrate both columnar and squamous differentiation. These may range from separate and distinct squamous (HSIL) and endocervical (adenocarcinoma in situ) components (Fig. 5C ) to lesions that demonstrate a subtle transition from stem cell to squamous to endocervical differentiation (Figs. 5D, E) (36) . Such lesions present the strongest argument that multipotential stem cells exist, the infection of which produces lesions with squamous and/or endocervical differentiation. Most compelling is the expression of squamous/basal cell markers in nuclei underlying poorly differentiated adenocarcinomas in situ, possibly identifying the multipotential neoplastic basal cells giving rise to these mixed lesions (Fig. 5F) (29, 36) . The practical importance of this finding lies in the recognition of a multiplicity of patterns, some subtle, that are associated with HPV infection in the transformation zone. 
THE DETECTION OF PAPILLOMAVIRUSES PEAKS IN THE EARLY REPRODUCTIVE YEARS AS A FUNCTION OF SEXUAL ACTIVITY AND DECREASES MARKEDLY IN OLDER WOMEN, IN KEEPING WITH A SUCCESSFUL IMMUNE RESPONSE TO THE VIRUS
The morphologic evidence supports the concept that in healthy women, generated against the virus is an immune response that will protect against subsequent infections by the same type (37). This protective response will regulate the frequency that HPV exposure proceeds to a morphologic or cytologic abnormality. It will temper some infections, resulting in transient lesions in many women, and because the exposure to HPV is greatest in young sexually active women, older women will display a much lower index of HPV than younger individuals (38 -40) .
Translation: For practical purposes, immunologically intact women are not susceptible to HPV their entire lives. HPV detection in young women will exceed by several-fold the ability to detect abnormalities (39) . Because postmenopausal women have a much lower index of HPV detection than they do cytologic abnormalities, the latter most often do not reflect significant cervical disease (41) . As a rule of thumb, mild karyomegaly in intermediate or superficial cells in the Papanicolaou smears of menopausal and postmenopausal women carries minimal risk. Less mature atypias also frequently do not associate with HPV but invariably require follow-up (42) .
NUMBER AND TYPE OF HPV INFECTION MAY INFLUENCE PHENOTYPIC PRESENTATION, INCLUDING COEXISTENCE OF LOW-AND HIGH-GRADE PRECURSORS
Multiple papillomavirus infections of the cervix are uncommon. In most cases, biologic progression of early cervical neoplasia takes place in the presence of a single infection (43, 44) . However, in a proportion of cases, multiple infections may be present, leading to vastly different morphologies in a single cervix (43) .
Translation: Although the evolution from CIN I-CIN II to CIN III usually signifies the same HPV type-specific infection (44), coexistence of CIN I and CIN III can be attributed to either single or multiple infections. This must be considered when formulating opinions about "morphologic progression" in early cervical neoplasia (43) .
Are some women more prone to multiple lesions? Are there certain combinations that are more common than others? We have observed several cases of HPV 6 -and 11-positive papillary immature metaplasia associated with HPV 16 -positive HSIL (32) . Whether this association reflects shared risk factors as a result of exposure, a higher risk target epithelium, or both is not clear. Nevertheless, it underscores the importance of careful treatment of women with lesions of any grade or HPV type.
HOST FACTORS WILL INFLUENCE THE PHENOTYPE OF HPV-RELATED DISEASES, FOR GOOD OR BAD
As discussed above, certain factors, including age, exposures, and the evolving biology of the transformation zone, may influence risk for neoplasia after HPV infection. Adenocarcinoma of the cervix in young women has been associated with oral contraceptive use (45) . Does this mean that hormonal factors influence the cell type selected by high-risk HPV infection? Adenoid basal carcinoma of the cervix, which is considered a "low risk" cancer, occurs almost exclusively in women in their 7th and 8th decades. Despite that this tumor is strongly associated with HPV 16, it progresses slowly (46, 47) . Moreover, adenoid basal carcinoma displays a unique pattern of progression characterized by HSIL, an invasive squamoid component that gives way to an outgrowth of basaloid cells and endocervical (adenoid) differentiation. This progression generally is marked by a decreasing proliferative index and intense immunostaining for p63 in the basaloid cell populations (48) . Is this unique pattern of progression the result of preexisting agerelated alterations in the target cells? A common link between adenoid basal carcinomas and aging (atrophic) epithelium is the similarity to basal or stem cells.
ARE THERE OTHER GENETIC MARKERS OF VALUE IN ASSESSING CERVICAL CANCER RISK OR PROGRESSION?
The following is a short list of potentially important markers or loci:
1. Proliferative markers: The index of cells expressing Ki-67 increases as a function of increasing lesion grade (7) . The frequency and distribution of Ki-67 immunostaining may also distinguish non-neoplastic epithelium from either LSIL or HSIL. 2. P53 alterations: A recent study has suggested that the arg-arg homozygotes at AA 72 have a higher risk for cervical cancer (49) . However, this has not been supported by molecular epidemiologic studies (50). 3. P63 (a p53 homologue) expression: This is an interesting gene expressed almost exclusively in endocervical reserve cells and immature squamous cells. It may prove to be useful in understanding the factors that influence differentiation of squamous neoplasia (27) . In this author's experience, p63 is universally expressed in squamous carcinomas and sharply downregulated in adenocarcinomas and small cell undifferentiated carcinomas (29, 51). 4. 3p deletions: Very common in both HPVpositive and -negative tumors and in an area with genetic instability. The specificity of this area for a tumor suppressor gene is unclear (9). 5. 3q amplifications: Quite specific for HPVpositive tumors. Many genes, including p63, are located in this area (11) , but their relationship to neoplasia via this amplification is unknown. 6 . Cyclin E expression: Much more common in cervical lesions versus non-neoplastic epithelium. However, sensitivity may hamper its use as a marker (8).
7. MN antigen: A popular marker that is of uncertain value in distinguishing squamous neoplasia (13) . It is highly expressed in glandular neoplasia, but its expression in some normal endocervical mucosae raises questions about specificity (52). 8. HPV testing: Numerous reports have supported, rebutted, and debated the use of HPV testing. Some authors have been critical of HPV testing, inasmuch as it has been proposed to alleviate newly introduced Papanicolaou smear diagnoses (atypical cells of undetermined significance) that cannot be reproducibly applied (53, 54) . Nevertheless, the advent of highly sensitive assays (53, 54) , and the potential value of HPV testing in treating women with abnormal glandular cells on Papanicolaou smear (55), or smear abnormalities after cone biopsy (56) support the further study of this test in the treatment of certain groups. Moreover, HPV-positive women are at significantly greater risk than HPV-negative women for developing cervical neoplasia, and this assay remains the most sensitive if not the most specific for HPV-associated disease (39, 57). 9. Other markers: The advent of RNA expression arrays and the potential to assess the expression of literally thousands of genes in neoplastic tissues and compare them with normal controls promises a new era of cancer diagnosis. It is conceivable that patterns of host gene expression that are unique to cervical neoplasia will be identified and that molecular assays that target one or more of these host genes will emerge with the goal of either replacing or augmenting HPV testing as an adjunct to the Papanicolaou smear. As such technologies evolve, they still must face the fundamental issues that surround cervical cancer prevention, which include sensitivity and specificity relative to the Papanicolaou smear and optimal delivery to women who are at risk. Moreover, the possibility exists that as the incidence of cervical cancer and cancer death rate diminishes, additional, albeit smaller, subsets of cervical cancer may emerge requiring different strategies of prevention.
